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Planarians are known for their strong regenerative ability. This ability has been considered to reside in the totipotent somatic
stem cell called the “neoblast.” Neoblasts contain a unique cytoplasmic structure called the “chromatoid body,” which has
similar characteristics to the germline granules of germline cells of other animals. The chromatoid bodies decrease in number and
size during cytodifferentiation and disappear in completely differentiated cells during regeneration. However, germ cells
maintain the chromatoid body during their differentiation from neoblasts. These observations suggest that the chromatoid body
is concerned with the totipotency of cells. To understand the molecular nature of the chromatoid body in the neoblast, we
focused on vasa (vas)-related genes, since VAS and VAS-related proteins are known to be components of the germline granules
n Drosophila and Caenorhabditis elegans. By PCR, two vas-related genes (Dugesia japonica vasa-like gene, DjvlgA and DjvlgB)
ere isolated, and they were shown to be expressed in germ cells. Interestingly, DjvlgA was also expressed in a number of
omatic cells in the mesenchymal space. In regenerating planarians, accumulation of DjvlgA-expressing cells was observed in
oth the blastema and the blastema–proximal region. In X-ray-irradiated planarians, which had lost regenerative capacity, the
umber of DjvlgA-expressing cells decreased drastically. These results suggest that the product of DjvlgA may be a component
f the chromatoid body and may be involved in the totipotency of the neoblast. © 1999 Academic Press
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Planarians are well known for their strong regenerative
capacity. This capacity is considered to be reside in the cells
called the “neoblasts” (Bagun˜a`, 1981). The neoblast is
hought to be a totipotent stem cell based on the following
xperiments: Wolff and Dubois demonstrated morphologi-
ally that the destruction of regenerative ability by X-ray
rradiation was caused by disappearance of the neoblast and
ack of cell turnover and that irradiated organisms with an
nirradiated region could form blastemas (Wolff and
ubois, 1948). Further, the regenerative ability of X-ray-
rradiated planarians was rescued by injection of a neoblast-
nriched fraction which was collected by filtration (Bagun˜a`
t al., 1989). However, the totipotency and behavior of the
eoblasts have remained unclear, since the neoblasts have
ot been characterized with molecular markers.
So far, the neoblast has been defined by its morphological1 The accession numbers of the genes described in this report are:
RH1 (AB016992); PRH2 (AB016995); PRH4 (AB016994); PRH5
AB016996); PRH7 (AB016997); PRH13 (AB016998); PRH14
AB016999); DjvlgA/PRH20 (AB017002); PRH24 (AB017001); PRH25
AB017000); PRH27 (AB016993); DjvlgB/PRH31 (AB017003); Human
NA helicase (d26528); Gu (u41387); p54H (x92421); mouse eIF-4A
x03040); Drosophila eIF-4A (x69045); plant eIF-4A (x79008); p47
m75168); mouse RNA helicase (125125); dbpA (x52647); mouse p68
x65627); human p68 (x52104); RM62 (x52846); yeast p68 (111574);
RP5 (m33191); Hel2A (x81823); glh-1 (119948); BmVLG (d86601);
asa (m23560); mvh (d14859); RVLG (s75275); XVLG1 (s69534); ze-
rafish vasa (ab005147); An3 (x57328); mouse RNA helicase (125126);
L10 (j04847); yeast chromosome (z49308); SBP4 (d44600); human
hromosome 1042 (u17245); Pok1 (z34901).
2 Present address: Department of Developmental Genetics, Na-
ional Institute of Genetics, Yata 1111, Mishima, Shizuoka 411-8540,
apan.
3 To whom correspondence should be addressed. Fax: 81-7915-8-t
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characteristics. Many electron microscopic studies have187. E-mail: agata@sci.himeji-tech.ac.jp.
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74 Shibata et al.shown that the neoblast is small in size (about 10 mm), is
ound to ovoid in shape, and possesses a high nucleus/
ytoplasm ratio and that its cytoplasm contains a few
itochondria, many free ribosomes, and few other or-
anelles (Pedersen, 1959; Morita, 1967; Hori, 1992). These
haracteristics suggest that the neoblast is an undifferenti-
ted cell. The most noticeable feature of the neoblast by
lectron microscopic observation is the “chromatoid body”
n the cytoplasm (Coward, 1974; Hori, 1982). This structure
as also found in regenerative cells which were defined as
differentiating” cells derived from the neoblasts. The
hromatoid bodies were decreased in number and size
uring the process of cell differentiation and were not
etected in completely differentiated cells (Hori, 1982,
997). This observation suggests that the chromatoid body
as a close relation to totipotency or the undifferentiated
tate of cells. The chromatoid bodies are round, moderate
y electron dense, and not surrounded by membrane
Morita, 1967; Coward, 1974; Hori, 1982). As they are
ocated at the nuclear envelope, it has been suggested that
hromatoid bodies are derived from the nucleus (Hori,
982). In the blastemas of actinomycin D-treated planar-
ans, collapse of the chromatoid bodies was observed (Hori,
982); furthermore, the chromatoid body showed affinity to
Nase (Auladell et al., 1993). These results suggest that
ome RNA(s) may be component(s) of the chromatoid body.
erm cells of planarians also have the chromatoid body in
heir cytoplasm. All these observations are reminiscent of
he germline granule.
In some species, germline granules have been observed
pecifically in germline cells (reviewed by Ikenishi, 1998).
n the early embryogenesis of Drosophila melanogaster, for
xample, polar granules are located in the posterior pole of
he egg, and at the blastula stage, the polar granules are
aken into pole cells, which are the ancestors of germ cells
Mahowald, 1962, 1971a, b). Transplantation experiments
ave revealed that polar granules have a critical role in pole
ell formation (Okada et al., 1974; Illemensee and Mahow-
ld, 1976). In Caenorhabditis elegans and Xenopus laevis,
imilar structures (P granules and germinal granules, re-
pectively) are observed in germline cells and are required
or their differentiation (Ikenishi and Kotani, 1975; Strome
nd Wood, 1982; reviewed by Ikenishi, 1998). It is known
hat germline granules are complexes of protein and ribo-
ucleic acid. Recently, mtrlRNA and pgc were identified as
NA components of the polar granule (Kobayashi et al.,
993; Nakamura et al., 1996). The VASA (VAS) protein is
nown to be another component of polar granules (Hay et
FIG. 1. (A) Alignment of predicted amino acids of Drosophila vas a
black backing are well conserved in all the planarian PRH genes. O
ubfamily. (B) Phylogenetic tree of PRH genes (black boxes) and
categorized into the vas subfamily, and most of the PRH genes belo
genes. AXXXXGKT is known as the ATPase A motif. DEAD, know
with the SAT motif. HRIGRXXR is an RNA-binding domain.
Copyright © 1999 by Academic Press. All rightl., 1988a, b; Liang et al., 1994). VAS was identified as an
ntigen in the polar granule and was shown to be an
TP-dependent RNA helicase with a DEAD box motif (Hay
t al., 1988b; Lasko and Ashburner, 1988; Liang et al., 1994).
as mutants lost their polar granules and failed to develop
erm cells (Schu¨pbach and Wieschaus, 1986; Nu¨sslein-
olhard et al., 1987; Lasko and Ashburner, 1988; Liang et
l., 1994). Genes homologous or related to vas have been
solated from many animals, including mouse, rat, Xeno-
us, zebrafish, and C. elegans. All of them are expressed in
ermline cells (Roussell and Bennett, 1993; Komiya et al.,
994; Fujiwara et al., 1994; Komiya and Tanigawa, 1995;
ruidl et al., 1996; Yoon et al., 1997). In some species, it has
een shown that the protein is a component of germline
ranules. This suggests that vas or vas-related genes are
xpressed in germ cells in general and that the gene prod-
cts are components of germline granules.
To understand the totipotency of the neoblast, we
ocused on the chromatoid body because of its suggestive
ehavior, i.e., the fact that it decreases in number and
ize during cytodifferentiation, but remains in the germ-
ine during differentiation from the neoblast (Teshirogi,
962; Hori, 1982, 1997). We expected that one of the
omponents of the chromatoid body might be the product
f a vas-related gene for the following reasons: the
hromatoid body has a structure very similar to that of
ermline granules, and the products of vas or vas-related
enes are associated with germline granules in some
pecies.
We report here the isolation of two planarian vas-related
enes and the detection of their transcripts in germline
ells. One of them was also expressed in small somatic cells
hich seemed to be neoblasts.
MATERIALS AND METHODS
Animals
An asexual clonal strain, Dugesia japonica derived from the
Irima river, Gifu prefecture, Japan, established in our laboratory
was analyzed. These asexual planarians were conditionally con-
verted to sexual animals (Ogawa et al., 1998). Asexual or sexual
planarians were starved for 7 days before experiments.
Polymerase Chain Reaction
To amplify planarian vas-related genes, the following degenerate
PCR primers were used (written in 59 to 39 orientation). Redundant
2 planarian DEAD box genes. The DEAD box motifs indicated with
PRH20 has the EARKF motif (box) which is conserved in the vas
eral DEAD box genes of other animals. PRH20 and PRH31 are
the p68 subfamily. (C) Eight well-conserved motifs in DEAD box
he ATPase B motif, has a critical role in RNA unwinding, togethernd 1
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76 Shibata et al.nucleotides were indicated in parentheses. CGGGATCCA(AG)-
AC(TCAG)GG(TCAG)(TA)(CG)(TCAG)GG(TCAG)AA(AG)AC and
CCCAAGCTT(AG)AA(TCAG)CCCAT(AG)TC(TCAG)A(AG)CAT,
which correspond to QTGSGKT and MLDMGF in the amino acid
FIG. 2. Predicted amino acid sequences of DjvlgA and DjvlgB. Djv
our clone did not contain the sequence encoding the initial methio
sequences. An RGG repeat (double underline) and an EARKF motif
carboxy-terminal portion of DjVLGB (underline).sequence of VAS, respectively. Each primer was designed to include m
Copyright © 1999 by Academic Press. All rightcleavage sites for the restriction enzymes BamHI and HindIII. PCR
conditions were as follows: the mixture (10 ml) contained 13
akara Taq buffer (10 mM Tris–HCl, pH 8.3, 50 mM KCl, 1.5 mM
gCl2), Takara Taq polymerase (Takara, 0.025 U/ml), dNTPs (0.25
ncoded 726 amino acids, and DjvlgB encoded 781 amino acids, but
. Eight DEAD box motifs in black boxes are well conserved in both
) are found in DjVLGA. An asparagine-rich region is present in thelgA e
nine
(boxM each), cDNA from the 24 h regenerating head region of asexual
s of reproduction in any form reserved.
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77vas-Related Genes in Planarianslanarians and a set of the degenerate primers (1 pmol/ml each).
ycling consisted of initial denaturation at 94°C for 1 min,
ollowed by 40 cycles at 94°C for 1 min, 50°C for 1 min, and 72°C
or 1 min and a final elongation step at 72°C for 10 min. The PCR
roducts (about 380 bp) were separated on a 3% Nusieve gel,
igested with BamHI and HindIII, and cloned between the BamHI
nd HindIII sites of pBluescript SK1 vector (Stratagene).
equencing and Library Screening
Purified plasmid DNAs containing PCR products were se-
uenced using an automatic DNA sequencer, DSQ1000L (Shi-
adzu). Homology search was performed by using the EMBL bank,
enBank, and Swiss-Prot. Alignment and phylogenetic tree anal-
ses were carried out using the Wisconsin Package Version 9.0
rogram (Genetics Computer Group, Madison, WI). To isolate the
ongest cDNA clones of the two vas-related genes, we amplified
he 59 regions of their cDNAs by PCR amplification of a planarian
ixed stage cDNA library in the lambda ZAP II vector (Stratagene)
sing gene-specific reverse primers and vector-derived sequences
s forward primers (T3 and SK). As reverse primers, CCGGTACCAC-
CACTAACGATCGATAGGAGAA, which corresponds to FSYR-
LVR, and CGTCCGCCGTACACCACGCAA, which corresponds
o CVVYGGR, in the amino acid sequence of PRH20, and GTAC-
TCTCGTATTTGTGAATGAGT and AGCAACTAGTAAATG-
CATCCCATC, which correspond to THSQIREVQ and MGC-
LLVA in the amino acid sequence of PRH31, were used (all
ritten in 59 to 39 orientation). The resultant PCR fragments (an
pproximately 900 bp fragment of PRH20 and an approximately
000 bp fragment of PRH31) were labeled with digoxigenin (DIG)
or hybridization analysis. Replica filters (Colony/Plaque Screen,
EN) from the same library were hybridized with DIG-labeled
NA probe in 50% formamide, 53 SSC, 2% (w/v) blocking reagent
Boehringer), 0.1% N-lauroylsarcosine, and 0.02% SDS at 42°C
vernight. The filters were washed twice for 5 min at 42°C in 23
SC, 0.1% SDS, and twice for 15 min at 42°C in 0.13 SSC, 0.1%
DS. Detection was performed according to the manufacturer’s
nstructions (Boehringer).
* RACE and Universal PCR
59 RACE was performed as described by Innis et al. (1990).
ACTTGACCTCTTTGGTTATCGCC and CCTCCTCTTCCT-
TTGAATTTCC, corresponding to GDNQRGQV and GNSRG-
GG, respectively, were used as primers (written in 59 to 39
rientation). The method of universal PCR described by Beemen
nd Staulth (1997) was used. CGCTCTAGAACTAGTGGATCN-
NNNNNNNTGGT was used as a universal primer. GGGC-
CGTATTGTCTTGACAAGTC, corresponding to TCQDNSAQ,
as also used as a reverse primer for universal PCR (written in 59
o 39 orientation).
orthern Blotting
Total RNA was prepared by the CsCl cushion method (Chirgwin
t al., 1979) from asexual or sexual planarians. The RNA samples
ere glyoxylated, separated on a 1% agarose gel and transferred to
membrane (Hybond-N, Amersham). The membrane was baked at
0°C for 1 h, prehybridized for 1 h under hybridization conditions
n the absence of probe and hybridized with 32P-labeled DNA probe
t 65°C for 18 h in 63 SSC, 53 Denhardt solution, 100 mg/ml c
Copyright © 1999 by Academic Press. All rightalmon testis DNA, 1% SDS. The probe was labeled using BcaBest
andom DNA labeling kit (Takara). The membrane was washed
wice for 1 h in 23 SSC, 0.1% SDS, at 65°C, and for 1 h in 0.13 SSC,
0.1% SDS at 65°C, and analyzed using a BAS 2000 image analyzer
(Fuji Film).
In Situ Hybridization
The longest cDNA clones of DjvlgA and DjvlgB were used as
templates to produce DIG-labeled RNA probes for in situ hybrid-
ization. Whole-mount in situ hybridization was performed as
described (Umesono et al., 1997; Agata et al., 1998). In situ
hybridization of tissue sections was done as described previously
(Kobayashi et al., 1998).
X-Ray Irradiation
Worms in water 5 mm in depth were exposed to 30 Gy (300
cGy/min) using a NELAC 1012A medical X-ray machine (NEC, 6
MeV) with a mixed DP filter (T. Sakurai, personal communication).
After worms had recovered for 2 days, they were cut transversely in
the pre- or postpharyngeal region, allowed to regenerate at about
22°C, and fixed for in situ hybridization of tissue sections after 10
ays.
RESULTS
Isolation and Categorization of Planarian RNA
Helicase Genes
We attempted to amplify DNA fragments of vasa(vas)-
elated genes in planarians by using a PCR-based strategy.
DNA of 24-h regenerating head region was used as a
emplate for PCR, resulting in amplified DNA fragments of
bout 380 bp. Ninety-six clones were characterized by
estriction enzyme cleavage pattern analysis and sequence
nalysis. We thereby identified 12 Planarian RNA Helicase
PRH) genes, all of which were members of the DEAD box
amily (Fig. 1A). Domains specific for ATP-dependent RNA
elicase genes were conserved in the predicted amino acid
equences of all clones. To classify each gene, we con-
tructed a phylogenetic tree with ATP-dependent RNA
elicase genes of other organisms by the UPGMA method
Fig. 1B). PRH20 and PRH31 were categorized into the vas
subfamily. Eight genes (PRH1, 2, 5, 7, 14, 24, 25, and 27)
belonged to the p68 subfamily, and PRH4 was classified
into a novel DEVD subfamily. We focused on the vas
subfamily genes, PRH20 and PRH31, for further analysis.
Characterization of DjvlgA and DjvlgB
To investigate the structures of the vas-related genes,
PRH20 and PRH31, cDNA clones containing the longest
orresponding cDNA fragments were isolated by a combi-
ation of PCR and plaque hybridization. The longest cDNAp
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Glone for PRH20 encoded 683 amino acids and that for
s of reproduction in any form reserved.
78 Shibata et al.FIG. 3. Scheme of a sexual planarian and whole-mount in situ hybridization of DjvlgA and DjvlgB in sexual planarians. (A) A pair
of ovaries (ov) is present in the ventral side of the neck region. A pair of clusters of testes (te) is present in the dorsal side from neck to
tail. The copulatory organ (co) and genital pore (gp) are located posterior to the pharynx. (B) DjvlgA expression is observed in testis.
(C) Expression pattern of DjvlgB. DjvlgB was also expressed in testis. (D and E) Higher magnification views of (B) and (C),
respectively. Expression patterns of DjvlgA (D) and DjvlgB (E) are distinguishable. DjvlgB is expressed in a more-restricted region
than is DjvlgA.FIG. 4. In situ hybridization of sections of DjvlgA and DjvlgB in sexual planarians. (A) Expression of DjvlgA is observed in both testis (te)
and ovary (ov). (B) DjvlgB is also expressed in testis (te) and ovary (ov). (C) The ovary stained by Hoechst 33342 (Sigma). (D) Expression of
DjvlgA in ovary. (E) Expression of DjvlgB in ovary. Both DjvlgA and DjvlgB are expressed in oocytes. (F) Testis stained by Hoechst. (G)
DjvlgA is expressed in spermatogonia, spermatocytes, and spermatids, but not in sperm, in the testis. (H) Expression of DjvlgB in testis. Its
expression is observed only in spermatocytes.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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80 Shibata et al.PRH31 encoded 781 amino acids. As neither clone included
the initial methionine, we performed the 59 RACE and
universal PCR methods and thereby obtained a full-length
sequence encoding 726 amino acids of PRH20, but we failed
to get the initial methionine of PRH31. The predicted
amino acid sequences of both PRH20 and PRH31 had all
eight DEAD box motifs generally found in DEAD box
proteins (Linder et al., 1989; Figs. 1C and 2).
The sequence AQTGSGKT corresponds to the consensus
sequence AXXXXGKT, which is known as the ATPase A
motif. The sequence DEAD, known as the ATPase B motif
was found at residues 372 to 375 of PRH20. The sequence
SAT and the HRIGRTGR domain, which have been shown
to participate in RNA-binding and unwinding activity in
eIF4A, were also conserved in the predicted amino acid
sequence of PRH20 (Pause and Sonenberg, 1992; Pause et
al., 1993). Other domains, PTRELA, GG, TPGR, and AR-
GLD, were well conserved in the predicted amino acid
sequence of PRH20. The sequence EARKF at residues 310
to 314 in PRH20 is found specifically in the vas-subfamily.
Also, the RGG repeat, which is conserved in vas-subfamily
proteins, was located in the amino-terminal portion of
PRH20. Asparagine-rich regions were present at the amino
terminal of PRH20. In PRH31, all DEAD box motifs were
well conserved, but neither the EARKF motif nor the RGG
repeat were present. Asparagine-rich regions were present
at the carboxy terminal of PRH31 (underline).
Phylogenetic analysis of the full-length or longest-
available sequence also indicated that both genes were
members of the vas subfamily (data not shown). To inves-
tigate whether any other vas-like genes exist in planarians,
we performed PCR amplification using genomic DNA and
cDNA of sexual planarians. The sequence encoding EARKF,
which is specifically conserved in vas-related genes, was
used as a degenerate primer. Since PRH20 has an SpeI site in
the amplified fragment, we digested the PCR fragments
with SpeI. However, because all fragments were digested,
we could not obtain vas-related genes other than PRH20
and PRH31 (data not shown). Thus, we termed the genes
corresponding to PRH20 and PRH31 “DjvlgA” (Dugesia
japonica vas-like gene A) and “DjvlgB,” respectively.
Spatial Expression Patterns of DjvlgA and DjvlgB
in Sexual Planarians
In many animals, it has been shown that vas-related
genes are specifically expressed in germline cells (reviewed
by Ikenishi, 1998). Therefore, to determine the expression
patterns of DjvlgA and DjvlgB in sexual planarians, we
performed whole-mount in situ hybridization experiments
(Fig. 3). The sexual planarian has bilateral lines of testes in
the dorsal side, a pair of ovaries in the ventral side, a genital
pore, and a copulatory organ, as shown in Fig. 3A. The
mRNAs of both DjvlgA and DjvlgB were detected in the
testis region (Figs. 3B and 3C) and ovary region (data not
shown). Although both DjvlgA and DjvlgB were expressed
in the testis region, DjvlgB seemed to be expressed in a
more restricted region of the testis (Figs. 3D and 3E).
Copyright © 1999 by Academic Press. All rightTo investigate more precise by the expression patterns of
DjvlgA and DjvlgB in sexual planarians, we analyzed pla-
narian sections by in situ hybridization. Both of the
mRNAs were detected in the ovary and testis (Figs. 4A and
4B). Transcripts of both DjvlgA and DjvlgB were detected in
oocytes, which had larger nuclei than other ovarian cells
(Figs. 4C–4E). However, in testis, the expression patterns of
DjvlgA and DjvlgB were distinguishable. DjvlgA was ex-
pressed in spermatogonia, spermatocytes, and spermatids,
but not in sperm, which occupy most of the inner space of
the testis (Figs. 4F and 4G). The expression of DjvlgB, in
contrast to that of DjvlgA, was restricted to spermatocytes
(Fig. 4H). These observations suggest that these two genes
have distinct roles in germline development.
DjvlgA-Expressing Cells in Asexual Planarians
We could not identify the cell type of DjvlgA- or DjvlgB-
expressing cells in asexual planarians by whole-mount in
situ hybridization because of their diffused staining pat-
terns (data not shown). Northern blot analysis revealed that
both transcripts were detected at the same levels in asexual
and sexual worms (Fig. 5). Therefore, we performed in situ
hybridization of sections of asexual planarians. Expression
of DjvlgB could not be detected in asexual planarians with
our in situ hybridization procedures (data not shown), and
we suppose that DjvlgB may be expressed at a low level in
a variety of cells. However, expression of DjvlgA was
clearly observed in a certain population of cells in the
mesenchymal space of asexual planarians (Fig. 6). These
DjvlgA-expressing cells were distributed in the mesenchy-
mal space from head to tail (Figs. 6A and 6B). Higher-
magnification views revealed that these cells had small,
FIG. 5. Northern blot analysis of DjvlgA and DjvlgB in sexual (S)
and asexual (A) planarians. The size of the transcript of DjvlgA is
about 2.5 kb. The expression levels seem to be about the same in
asexual and sexual planarians. The size of the transcript of DjvlgB
is about 3.9 kb. The level of its expression is also about the same in
asexual and sexual planarians.round, or ovoid form and a large nucleus (Fig. 6C), indicat-
s of reproduction in any form reserved.
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81vas-Related Genes in Planariansing that DjvlgA-expressing cells have characteristics iden-
tical to those of neoblasts.
DjvlgA Expression Pattern in Regenerating
Planarians
If planarians are cut into small pieces, each piece can
develop into an intact worm. In this regeneration process, a
blastema is formed on the stump of each piece. The blast-
ema is composed of neoblasts and of cells differentiating
and differentiated from the neoblasts (Hori, 1997). Chroma-
toid bodies are found in the undifferentiated cells (neo-
blasts) and differentiating cells, but not in the differentiated
cells. To investigate whether DjvlgA is expressed in these
blastema-forming cells, we performed in situ hybridization
f sections of regenerating planarians from both head and
ail pieces which did not contain pharynx (Fig. 7A).One day
fter cutting, DjvlgA-expressing cells were accumulated in
he stump and stump-proximal region (Figs. 7B and 7C). In
-day regenerating planarians, extensive accumulation of
ositive cells was observed in the growing blastema. These
jvlgA-expressing cells of the blastema began to decrease 3
ays after cutting, when regenerating brain and pharynx
ould be distinguished morphologically. On the seventh
ay, the expression pattern of DjvlgA had returned to the
riginal one. Interestingly, we also observed expression of
jvlgA in regenerating brain and pharynx (arrowheads), but
ot in completely differentiated brain and pharynx of 7-day-
egenerating planarians. DjvlgA-expressing cells were small
nd had a large nucleus, like in normal adult planarians (Fig.
C), suggesting that DjvlgA-expressing cells observed in
regenerating tissue may be undifferentiated or differentiat-
ing cells. All these results suggest that the cells expressing
DjvlgA during regeneration may be the cells with chroma-
oid bodies in their cytoplasm.
Loss of DjvlgA-Expressing Cells in X-Ray-
Irradiated Planarians
To investigate whether the DjvlgA-expressing cells were
eoblasts, we analyzed the expression of DjvlgA in X-ray-
rradiated planarians. It is known that X-ray-irradiated
lanarians lack neoblasts and cannot regenerate (Wolff and
ubois, 1948; Bagun˜a` et al., 1989), presumably because
eoblasts or undifferentiated cells may be more sensitive to
-rays than differentiated cells. As we expected, the num-
er of DjvlgA-expressing cells was drastically reduced by
-ray irradiation (Fig. 8B). We have also analyzed the
istribution pattern of DjvlgA-expressing cells in regener-
ting planarians 5 days after irradiation (Figs. 8C and 8D).
lthough accumulation of DjvlgA-expressing cells was
bserved in the growing blastema and regenerating pharynx
f nonirradiated planarians (Figs. 7 and 8C), no growth of
lastema nor regeneration of pharynx was observed in
rradiated planarians (Fig. 8D). These results strongly sug-
est that loss of regenerative activity in the X-ray-irradiated
lanarian is caused by disappearance of DjvlgA-expressing t
Copyright © 1999 by Academic Press. All rightells and that DjvlgA is expressed in the neoblasts and
egenerating cells containing the chromatoid body.
DISCUSSION
DjvlgA and DjvlgB are Planarian vas-related
Genes
The chromatoid body is a unique subcellular structure in
the cytoplasm of the totipotent stem cell, the neoblast, of
planarians (Coward, 1974). Its structure is very similar to
that of germline granules, which are germ-cell-specific
subcellular components of other animals (reviewed by Ike-
nishi, 1998). VAS and products of vas-related genes have
been identified as components of germline granules in some
animals (Hay et al., 1988a, b; Fujiwara et al., 1994; Gruidl et
al., 1996). Therefore, we expected that the chromatoid body
of planarians might also contain VAS-related protein(s). We
have succeeded in isolating two vas-related genes, DjvlgA
and DjvlgB, from the planarian D. japonica. The predicted
amino acid sequences encoded by both genes shared eight
well-conserved domains of DEAD box family proteins,
suggesting that they have ATP-dependent RNA helicase
activity, including ATP-binding, RNA-binding, and un-
winding modalities (Pause and Sonenberg 1992; Pause et al.,
1993). In addition, the RGG repeat and EARKF sequence,
which are specifically conserved in the VAS subfamily,
were found in DjVLGA. Although DjVLGB lacked these
motifs, it was also categorized into the VAS subfamily by
phylogenetic analysis. Sequence homology analysis re-
vealed that both DjvlgA and DjvlgB are closer to mouse
PL10 and An3 than to the vas-homologs in other animals
(Leroy et al., 1989; Gururajan et al., 1991). We therefore
ondered whether Djvlg genes are PL10 homologs or vas
omologs or whether other vas-related genes may exist in
lanarians. To answer these questions, we tried to isolate
ther vas-related genes by the PCR method using a degen-
rate primer corresponding to the EARKF sequence with
DNA from sexual planarians or genomic DNA as a tem-
late. However, we could not obtain any other vas-related
enes from planarians.
Both DjvlgA and DjvlgB could be also categorized into
he vas subfamily by their expression patterns. Both of
hem were specifically expressed in germline cells of sexual
lanarians (Fig. 3). All of the vas-related genes reported so
ar are expressed in a germline-specific manner. PL10 is
nly expressed in testis and is considered to be required for
ale germ cell development of mouse (Leroy et al., 1989).
nterestingly, in hermaphrodite planarians, both DjvlgA
nd DjvlgB were expressed in not only testis but also in
vary.
Both molecular structural and expression pattern analy-
es of DjvlgA and DjvlgB suggested that they can be
onsidered to be vas-related genes in planarians, although
e need further analyses to clarify the phylogenetic rela-ionship among Djvlg genes and other vas-related genes.
s of reproduction in any form reserved.
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Germline Cells of Sexual Planarians
In planarians, the chromatoid body is observed not only
in the neoblasts but also in both male and female germ cells
of sexual planarians (Teshirogi and Ishida, personal commu-
nication; Coward, 1974). In the ovary, expression of DjvlgA
and DjvlgB were observed in the oogonium and/or oocyte,
which could not be distinguished in our analyses. In testis,
mRNA of DjvlgA was detected in spermatogonia, sper-
matocytes, and spermatids, but not in sperm. In contrast,
DjvlgB was only expressed in spermatocytes (Figs. 4 and 9).
DjvlgA and DjvlgB may have distinct roles in germ cell
development of planarians, at least in spermatogenesis.
FIG. 6. Spatial expression pattern of DjvlgA in asexual planarians. (A
head (left) to tail (right). (B) Nomarski image. DjvlgA-expressing cells
(C) Higher magnification view of the Nomarski image of DjvlgA-exp
FIG. 7. Expression pattern of DjvlgA in regenerating planarians. (
process from head and tail pieces. A head piece regenerates a phary
ey, eye; ph, pharynx; vnc, ventral nerve code. (B) Expression patte
Expression pattern of DjvlgA in the process of head regenerat
accumulation of DjvlgA-expressing cells is observed in blastema
positive cells is strongly observed. Three-days after cutting, express
regenerating pharynx and brain (arrowheads). Regeneration is com
returned to the original one in both head and tail regenerates. DjvlgA i
Copyright © 1999 by Academic Press. All rightifferential expression of two vas-related genes, glh-1 and
lh-2, is also observed in C. elegans. The transcript of glh-1
as present in germ cells throughout their differentiation,
ut glh-2 was specifically expressed only at the meiotic
tage (Gruidl et al., 1996). These observations suggest that
here may be a common mechanism of control of expres-
ion of vas-related genes during germ cell development.
Is DjvlgA Expressed in the Cells Containing the
Chromatoid Body?
The expression pattern of DjvlgA in asexual planarians is
very intriguing, suggesting that the DjvlgA-expressing cells
may be the same as the chromatoid body-containing cells.
vlgA-expressing cells are distributed in the mesenchymal space from
ocated in the mesenchymal space, but not in epidermis or intestine.
g cells. The positive cells have a large nucleus and are small in size.
hematic representations of intact planarian body and regeneration
d a tail, and a tail piece regenerates a head and pharynx. br, brain;
f DjvlgA in the process of tail regeneration from head pieces. (C)
rom tail pieces. In regenerating planarian 1 day after cutting,
lastema-proximal region. In 2-day regeneration, accumulation of
f DjvlgA has become weak in blastema, but is clearly observed in
e 7 days after amputation. The expression pattern of DjvlgA has) Dj
are lA) Sc
nx an
rn o
ion f
and b
ion o
plets not expressed in brain or pharynx.
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The neoblasts are small, round to ovoid, undifferentiated
cells which have free ribosomes, mitochondria, chromatoid
bodies and no differentiated character, and a high nucleus/
cytoplasm ratio (Pedersen, 1959; Morita, 1967; Hori, 1992).
The DjvlgA-positive cells are also small in size and round to
ovoid in shape and have a high nucleus/cytoplasm ratio,
like the neoblasts. The X-ray-irradiation experiment
showed that the number of DjvlgA-expressing cells was
FIG. 8. Expression of DjvlgA in X-ray-irradiated planarians. (A) Expression pattern of DjvlgA in a normal planarian. (B) Expression of
DjvlgA decreased drastically in planarians 10 days after X-ray irradiation. (C, D) Expression of DjvlgA in nonirradiated (C) and
X-ray-irradiated (D) regenerating planarians from tail pieces 3 days after cutting. (C) Arrowheads indicate stump-proximal region and arrows
indicate regenerating pharynx. (D) A planarian was cut 5 days after X-ray irradiation and fixed 3 days thereafter. In contrast to nonirradiated
planarians, no blastema grows (arrowheads) and regeneration of pharynx is not observed. The number of DjvlgA-expressing cell is
drastically reduced.
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drastically reduced in irradiated planarians. These observa-
tions strongly suggest that DjvlgA-expressing cells in nor-
mal adult asexual planarians may be the neoblasts. In
regenerating planarians, 1 or 2 days after cutting, accumu-
lation of DjvlgA-expressing cells was observed in the blast-
ema and the blastema-proximal region. After 3 days, the
number of positive cells in the blastema decreased gradu-
ally, and the expression pattern returned to the original one
after 7 days. This change of DjvlgA expression pattern in
the blastema is also correlated with the behavior of cells
containing the chromatoid body observed in an electron
microscopic study (Hori, 1997). The relationships among
cells containing the chromatoid bodies are summarized in
Fig. 9. These are the same cells in which DjvlgA is ex-
pressed, and this strongly suggests that the DjVLGA protein
is a component of the chromatoid body. While the expres-
sion of DjvlgB was restricted to spermatocytes and oocytes,
like glh-2 of C. elegans, the DjVLGB protein may also be a
component of the chromatoid body in planarians, since the
GLH-2 protein is localized in the P granule in C. elegans
(Gruidl et al., 1996). This suggests that the chromatoid body
may change its components during cytodifferentiation and
may have a critical role for changing the cell state. To
confirm whether the DjVLGA and DjVLGB proteins are
components of the chromatoid body, we are trying to
produce antibodies against them.
The most important finding in this study was that a
vas-related gene is expressed in not only germ cells but
also in putative somatic stem cells. This suggests that
DjvlgA may have an important role in differentiation and
maintenance of the cell state of not only germ cells but
also of the totipotent somatic stem cells. We propose that
expression of the vas-related gene(s) or formation of
cytoplasmic structures like the chromatoid body may be
involved in the totipotency of the cells. This hypothesis
is also supported by the evidence that the interstitial
cells which are multipotent stem cells of hydra also
express vas-related genes (K. Mochizuki, personal com-
munication). Although we do not yet understand how
vas-related genes of planarians are involved in the toti-
potency of somatic stem cells and the differentiation of
germ cells, recent molecular studies in Drosophila
showed that the VAS protein regulates Drosophila em-
bryogenesis by controlling osker and nanos translation
and functions in germ cell development by regulating
translation of gurken mRNA (Markussen et al., 1995;
Rongo et al., 1995; Gavis et al., 1996; Dahanuker and
Wharton, 1996; Styhler et al., 1998; Tomancak et al.,
1998). Similarly vas-related genes in somatic stem cells
of planarians may regulate translation of certain popula-
tions of mRNAs which are involved in differentiation
and maintenance of somatic stem cells. To understand
the nature of the stem cells in planarians, we will need to
analyze target mRNAs regulated by the DjVLGA protein
and other components of the chromatoid body.
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